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Summary

During this project, we pursued and succeeded in the development on a novel method to
fabricate highly-ordered carbon nanotube (CNT) arrays and explored the use of CNT
arrays in infrared detection applications. We investigated these array films as a new base
material for infrared detection with a spectral response that can be tuned over a broad
range, through varying the diameter of the tube, and a detection surface area that is not
wafer-size limited and conformable to curved surface. Other attributes include high-
uniformity, low manufacturing costs, long life-time, high-density and, potential resistance
to defect-induced failure.

The main objectives of the proposal were:

1. to grow highly-ordered carbon nanotube arrays on various substrates and
investigate in detail the necessary fabrication conditions for controllably
producing high-quality arrays of varying dimensions and large ordered domains
suitable for infrared detection

2. to investigate and study the infrared properties of these arrays to explore their use
in infrared applications such as sensing, imaging.

These objectives have been realized. Moreover, the research has reached a point beyond
these objectives where the first room-temperature photovoltaic responses to light pulses
in both the visible and mid-IR ranges have been demonstrated in the novel nanotube-
silicon heterojunction diode arrays, which by itself is also a new advent in the field of
semiconductors.. The results of this project have opened up scientific and technological
opportunities associated with carbon nanotube arrays for future space IR sensing and
civilian imaging and spectroscopy applications. In particular, the outcomes of this
project have a real potential to lead to the development of a new technology for IR
detection with a very broad spectral and spatial coverage that is unavailable in
conventional IR materials.
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Introduction

Carbon nanotubes, discovered by Iijima in 1991[1], can be semiconducting or metallic, as
has been shown both experimentally[2, 3] and theoretically[4]. The semiconducting
bandgap—typically in the range of sub 100 meV to a few 100 meV—has been found to
be controllable through the tube diameter and chirality in the case of single-walled tubes.
This semiconducting behavior and its dependence on diameter make carbon nanotubes an
attractive candidate for infrared (IR) detection. However, it is hard to imagine actual IR
device implementations using the nanotubes that come in bundles, ropes or other random
configurations. Unfortunately, these are the only options for nanotubes produced by
conventional methods[4, 5].

Devices for IR detection and imaging, such as focal plane arrays, require large-area,
densely-packed detectors in a well-defined array structure with efficient light coupling,
high responsivity, good pixel-to-pixel uniformity, low dead pixel count and excellent
stability[5]. In addition, to be practical, they must employ a large number of small pixels
and be fabricated by a high-yield, low-cost approach. Therefore large-area, ordered and
well-aligned high-density arrays of uniform carbon nanotubes were always viewed as
valuable, but were not available until our demonstration of a general and extensible
nanotemplate method for carbon nanotube array synthesis[6].

Technical introduction

In this project highly-ordered carbon nanotube (CNT) arrays were fabricated using our
newly developed synthesis method and explored for their use in IR detection. The
fabrication method is based on using a nanochannel alumina (NCA) template which is
formed non-lithographically in the process of anodizing high-purity aluminum, and can
be used as a stand-alone film or formed on the surface of a foreign substrate. In this
process it has been shown that under certain conditions[7] self-organized arrays of
straight and deep pores nanometer-scale in diameter can be formed, as shown in Figure
1(a), and that the pore diameter and periodicity can be varied separately, within certain
parameter ranges that are yet to be fully mapped out, while retaining the hexagonal
ordering. The carbon nanotubes are grown directly within the pore channels in what is
essentially a CVD process with transition metal particles being first deposited in the pore
bottom to serve as catalysts. Conventional nanotube fabrication methods produce
bundles or random matrices of carbon nanotubes with varying dimensions. In contrast,
this method produces highly-ordered, large-area two-dimensional arrays of densely-
packed carbon nanotubes with unprecedented uniformity in diameter, length and
orientation, as seen in Figure 1(b).



Figure 1. (a) Scanning electron microscope image of nanochannel alumina template. (b) Highly-ordered
carbon nanotube array formed by thermal decomposition of acetylene within the template channels.

The resultant carbon nanotubes are typically multi-walled and experiments to date have
shown them to be semiconducting [8] with a bandgap in the mid to far IR region, that can
be varied with the diameter. This is shown in Figure 2(a). This finding for multi-walled
CNTs has been independently confirmed using different methods of measurement [9],
and is supported by theoretical predictions for multi-walled CNTs [10] as shown in
Figure 2(b).
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Figure 2. (a) Log of nanotube conductance versus inverse temperature, showing semiconducting
exponential activation law with a band gap of approximately 135 meV. (b) Dependence of nanotube bang
gap versus inverse diameter. The thick line is the theoretical result for multi-walled tubes along with
tunneling spectroscopy data, while the thin line is the theory for single-walled tubes.
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Given that the pore diameter and thus the nanotube diameter can be controllably varied in
this approach, this finding has the implications that with essentially the same material and
fabrication technology one can design and synthesize IR detectors that respond to
different wavelengths in the far-IR to mid-IR range. The CNT arrays produced by this
method possess several features which are important for IR applications: The ordering
and uniformity of the CNT arrays, a unique feature of this CNT fabrication approach,
should improve the signal-to-noise ratio in IR detection by recording and summing
coherent signals while suppressing (i.e., averaging out) the random phase and spatial




randomness of thermal noise. The dense packing (~10'%cm?) of the nanoscale CNTs
provides hundreds to thousands of individual CNTs to each pixel of a typical IR detector
array, and thus a much desired high redundancy to guard against failure. The
independence and isolation, both electrically and mechanically, and weak inter-tube
thermal coupling of the CNTs in the array means that defects are confined to individual
nanotubes and are unlikely to spread out as in typical IR semiconductors (e.g. HgCdTe,
antimonides) which are continuous. The quasi one-dimensionality of the nanotubes
suggests a reduced density of states and therefore reduced phonon coupling [11] and
higher operational temperatures. In addition, such arrays can be formed on foreign
substrates including curved surfaces, lending themselves to potential applications such as
"smart skin" functions. Finally, the excellent parallel and vertical alignment of these
arrays gives them a large effective detection surface and an intrinsically high detectivity
to normal incidence photoexcitation—a distinct advantage over quantum well
intersubband detectors.

Our approach for synthesizing CNT IR detector arrays provides a practical cost-effective
process for producing large-area IR devices for a variety of applications in future space-,
air- and land-based IR sensing and imaging applications. This fabrication approach is
summarized in Figure 3.

NCA template Cobalt catalyst Carbon nanotubes

Al anodization = Co deposition — C H pyrolysis

Figure 3. (a) Schematic of CNT array fabrication process. (b) NCA template after first anodization
showing hexagonal texturing. (c) Highly-ordered CNT array formed using method in (a). Left insetis a
close-up of the nanotube in its hexagonal cell. Right inset is a histogram of the nanotube diameter showing
narrow size distribution around 47 nm.



Project objectives
As described in the Summary, the primary objectives of this project were:

* to develop a fabrication method to controllably and repeatably produce highly-
ordered CNT arrays of high-quality and varying dimensions, on various substrates

* to examine and characterize the electrical and optical properties of CNT arrays
under IR excitation

* to initiate the exploration of the device applications of CNT arrays in IR detection

The goal of this research was to demonstrate the feasibility of highly-ordered CNT array
films as a new base material for IR detection applications. Although many new exciting
questions were opened and remain to be answered through further in-depth
investigations, the project goal itself has been achieved. Researchers at Wright-Patterson
Air Force Labs were invaluable collaborators with us in this project and contributed
significant time and equipment to the effort.

Project outcomes

This project provided valuable results in three main areas: the improvement and
refinement of the fabrication methods of the carbon nanotubes, the study of the infra-red
properties of multi-wall CNTs, and the study of electronic transport in a hybrid CNT-Si
heterojunction system. Improvements in the fabrication methods enabled the subsequent
experimental developments in the study of nanotube properties, both in and out of the
arrays

Studies of infra-red properties of isolated nanotubes

We performed an infrared optical absorbance study of highly uniform nanotubes grown
by chemical vapor deposition in the self-assembled porous matrix in alumina. For
unambiguous IR spectral measurement, nanotubes were extracted from their growth
template, purified, and evenly dispersed on a reflecting substrate. The findings, which
are consistent with previous results from electronic transport studies, reveal that the
nanotubes are semiconducting with a band gap of ~100 meV. This suggests the potential
of nanotube arrays for IR sensor applications. Previous scanning electron microscopy and
conductance studies have found that the nanotubes in this array are of a single length and
diameter and are essentially identical in their electro-mechanical properties [6, 12].
Moreover, the tubes can be easily accessed electrically and optically, which make them
especially attractive for electro-optical device applications. We have performed a variety
of transport, optical, STM, SEM and HRTEM studies and characterizations on single
extracted and in array nanotubes grown by CVD in alumina matrix and confirmed that
nanotubes are identical in their geometric configurations, chemical composition,
electronic and optical properties.

[



The synthesis is based on a catalyst-assisted CVD process in an aluminum oxide
nanopore matrix, as described in [6], with pore diameter of ~60 nm and length of ~20 um.
Because of the rich spectroscopic properties of the alumina in the IR range of interest,
unambiguous IR properties of the carbon nanotubes can be best obtained on freestanding,
purified samples. For this reason, the hosting alumina matrix was chemically dissolved
by 0.1 M NaOH. After an acid purification step followed by several days of DI water
cleansing, CNTs suspended in ethanol solution were evenly placed onto a substrate to
minimize any stacking-induced change in their electronic properties. From the SEM
image in Figure 4, one can see that a thin mat consisting of residue-free CNTs 60 nm in
diameter with a standard deviation of 5% is produced by this approach. An AFM scan of
the mat confirmed that no out-of-plane bending (undetectable by SEM) of the tubes is
present. This uniformity, unavailable in nanotube ensembles fabricated by any other
means, enables the strategy of aggregating the signal for this study.
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Figure 4. SEM image of CNTs dispersed on Al highly polished substrate.

A Bruker micro-FTIR system was employed for the room temperature infrared
measurements. To further enhance the weak IR-absorbance signal from the CNT mat, a
double transmission + reflection configuration was employed by depositing the CNTs on
an electrochemically polished aluminum substrate. The reference signal was collected on
a clean area of the same Al substrate. The mid-IR to near-IR absorbance spectrum taken
on uniformly dispersed, purified CNTs at room temperature (Figure 5), shows no
signatures of alumina, demonstrating that the growth template was completely dissolved.
The spectrum exhibits a noticeable onset of absorption at the low frequency range. A
simple straight-line extrapolation of the absorption curve toward x-axis yields an
absorption edge of ~0.10 eV. This value happens to be consistent with that found in the
conductance-temperature study of similar nanotubes measured individually and in small




groups [8] and with that of a local-bending theoretical model. This is not surprising since
the presence of D and G bands strongly implies that the nanotubes are mostly
polycrystalline rather than single crystal. As such, their electronic wavefunctions are
unlikely to possess long-range coherence, and their local properties thus dominate. Based
on the local bending theory, these multi-walled nanotubes should have a bandgap
following 1/R dependence on the tube radius induced by a strong electronic-lattice
coupling of states near the Fermi energy [10], as supported by the findings from
conductance studies [13, 14]. From the 1/R band gap dependence and electrical
conductance vs. temperature measurements on 47 nm diameter CVD-synthesized
nanotubes exhibiting a bandgap of 135 meV, one would arrive at an estimate of the
bandgap of a 60 nm diameter nanotube to be ~100meV. Defects (D-band) and impurities
with energy levels positioned in the bandgap could additionally contribute to its
softening. However, the great uniformity in diameter and length help retain the main
spectral features. Indeed, the shape of MWNT absorption (i.e., exhibiting a broad slope)
is expectedly different from that of SWNTs, which should exhibit distinct interband
absorbance peaks positioned in correspondence with their 1D density of states [15, 16].
Also, the electronic configurations of MWNTs, as well recognized in the literature, do
not resemble those of SWNTs. Moreover, both the diameter and the wall thickness of
our nanotubes are rather large and therefore unlikely to exhibit sharp 1D density of state
peaks at room temperature.
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Figure 5. Typical IR-absorbance spectrum obtained on 60 nm diameter CNTs. Measurements were done
using a Bruker-micro-FTIR in 2xTransmissiontReflection configuration at room temperature. Straight line
extrapolation of low frequency part yields a band gap value of approximately 0.10 eV.

In the measured IR absorbance spectrum, a prime intensity peak is seen at 1584 cm-1.
This is an IR-active, graphite-like Elu mode (also known as the G-band) originating from
the sp’-hybridized carbon. A double structured absorbance peak at ~1200 cm-1 (Figure
6), is a disorder-induced one phonon absorbance band, which has been also observed in
neutron irradiated diamonds and in diamonds rich in impurity nitrogen [17]. This lattice
mode arises from the disruption of the translational symmetry of the diamond lattice [18].
The analogy between the density of states of the disordered diamond and the nanotubes
implies that the disordered regions of CNTs likely consist of disordered sp® bonded
carbon, also serving as the nucleation sites for hydrogen. In general, the presence of CH,
groups, as evidenced in the IR active bands in the range of 3000 cm™, and non-
conjugated carboxylic carbonyl groups, with a peak around 1725 cm™, can assist a
number of bio-sensing applications by offering a simple route to nanotube
functionalization.
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Figure 6. A baseline corrected CNT-IR absorbance spectrum clearly demonstrates IR-active peaks centered
at 1725 cm-1 (COOH groups), 1584 cm-1 (G band) , 1200 cm-1 (D-band). Several peaks at ~3000 cm-1
range are attributed to CH, groups.



To summarize, infrared optical properties of highly uniform, 60 nm diameter, purified
and mono-dispersed carbon nanotubes were investigated. From the IR-optical
absorbance data, we found that the CNTs exhibit a narrow optical bandgap on the order
of ~100 meV, in good agreement both with previous conductance studies and with
theoretical models. Together with the ultra-dense packing and perfect parallel vertical
alignment over extended areas, these IR properties offer an exceptional platform for mid-
IR sensor applications and for easy integration with electronic circuits.

Development and transport properties of a Si-CNT heterojunction diode array

A uniform array of a new type of heterojunction formed between carbon nanotubes and
silicon was studied [19]. The heterojunction array was controllably grown with parallel
and uniform nanotubes vertically aligned to the silicon substrate using a self-organized
nanopore array template. The pronounced rectifying characteristics of the heterojunction
were measured with an on—off ratio as high as 10° at 4 V. The analysis demonstrates a
large, type-I band offset at the heterojunction. The charge transport in the nanotubes is
found to be dependent on and limited by the dielectric charging and polarization in the
alumina matrix containing the nanotubes.

The use of a highly ordered nanopore array template for the growth of the nanotubes was
the enabling element of the control and uniformity in this approach, and it came from the
ongoing refinement of our method of template-based growth of nanotubes on aluminum
substrate [6]. The fabrication process starts with the formation of the nanopore array
alumina film by anodizing a layer of Al formed through e-beam evaporation on doped
silicon. A very thin Ti layer, approximately 5 nm, is used to ensure good adhesion of the
Al film during anodization while permitting the nanopores to perforate through the
alumina film to the silicon substrate. Upon completion of the anodization step, an array of
uniform and hexagonally spaced nanopores is formed, all normal to the plane and parallel
to each other, the same depth and diameter, and available to serve as a template for the
nanotube growth. This growth process follows essentially the same steps as in our earlier
work on growing nanotube arrays on a freestanding Al plate, as detailed in [6]. A typical
array of nanotube-silicon heterojunctions is shown in Figure 7.




Figure 7. Typical scanning electron microscopy image of the CNTs grown in the templates. For
representation purposes, a part of the template has been plasma etched and a small part of the nanotubes is
sticking outside the template. The scale bar is 300 nm.

The electronic properties of the heterojunction between the carbon nanotube and the
silicon were examined in detail. A gold electrode film was evaporated on the top surface
of the nanotube array at a 45 degree angle to avoid shorting through the nanotubes. The
p-type Si (100) wafer with a 0.01 Q cm resistivity and thickness 500 um served as the
bottom contact in the measurements. The measurements were performed under vacuum
and in a cold finger, closed-cycle cryostat using a source measure unit (Keithley 236).
The measured I-V dependences at all temperatures exhibited pronounced rectifying
behavior with the forward direction at negatively biased CNT electrode, as shown in
Figure 8. The rectifying behavior and its polarity are consistent with the data observed at
the heterojunction of a carbon nanotube and a silicon nanowire [20].

To help understand the underlying mechanisms for the rectifying characteristics and the
superior on-off ratio, we start with a band diagram of the heterojunction shown in Figure
8. This band diagram was derived from the work function and band gaps of the two
materials, following the Anderson model[21]. The parameters for the silicon were
derived from the dopant concentration dependence of the band gap and of the Fermi level
as described in [22]. The optical gap of the CNTs was estimated from our optical
investigations to be 200 meV, and the work function was assumed to be almost equal to
that of graphite with the Fermi level in the middle of the optical gap. With this schematic
band diagram in mind, one can readily see that strong rectification and a large built-in
voltage of around 0.5 V are expected. Indeed, we have observed photocurrent generation
in these samples as well, which are being pursued further for possible infrared
applications.
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Figure 8. Band diagram of the CNT-Si heterojunctibn.

A closer examination of the I-V characteristics reveals several important details of the
electronic processes occurring in our devices. The reverse current manifests a linear
voltage dependence, indicating that its origin is mostly due to current which does not
flow across the junction (parallel shunt current). A likely source of the leakage is the
anodized alumina hosting the CNTs. The conductivity of the anodized oxide is expected
to be relatively low, as was understood through earlier experiments, but was clearly not




low enough in comparison with the strong reverse current blocking effect of the CNT-Si
heterojunction. The Ohmic behavior of the reverse current allows us to directly determine

«the conductivity of the alumina template. The temperature dependence of the reverse
conductivity agrees very well with a model of hopping conduction of localized electrons
in disordered insulators; this is shown in Figure 10.
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Figure 9. Temperature dependence of the conductivity derived from the reverse bias part of the
characteristics.

The current through the alumina also governs the forward current in the low voltage
range at very low temperature. The processes of charge trapping and release in the
alumina cause the shift of the zero crossing point at low temperature from the zero
voltage and the observed hysteresis.

The above analysis is valuable for understanding conduction mechanisms in the anodized
alumina, which is important for understanding the behavior of this composite system.
However, it also shows that the reverse current does not provide much information about
the CNT-Si heterojunction, which is even more important to us.

The transport properties of the heterojunction can be studied by analyzing the forward
current. The I-V curves in Figure 10(a) exhibit an exponential behavior only at
temperatures below 80 K. At higher temperatures the forward current follows a power
law dependence, as illustrated in the log-log plot in Figure 10(b). The curves can be fitted
with a combination of exponential and power law. The exponential part is typical of
current flow across a heterojunction, while the power law dependence is characteristic of
space charge limited current. Generally, the latter appears if the transient time of the
charge carriers is smaller than the dielectric relaxation time. Such transport is not related
to the contact or the heterointerface but to the bulk of the contacting materials. The bulk
and the junction regions are connected in series and the current in the device is therefore



determined by the rate-limiting mechanism. This suggests that the injection at the
heterojunction at room temperature delivers many more carriers than the rest of the
“bulk” material can carry without changing the local field.

The power law I ~ V" in Figure 10(b) at room temperature is approximately n = 4. A
power law of n > 2 indicates the existence of distribution of charge carrier traps. A
characteristic feature of space charge limited current in the presence of traps is strong
temperature dependence [23]. This is, however, not the case in Figure 9. Such an
. apparent contradiction can be explained by assuming a change in the trap distribution
with temperature. An additional factor is the temperature change of the band gap as well
as the filling of traps at increased electric field. This level of complexity is, of course,
beyond the reach of the I-V models. However, we were able to estimate certain material
parameters in our work. We observed that that when a portion of the trap state
distribution is filled, it ceases to exert its effect on the transport and thereby alters the
effective trap density and the related characteristic constant. This can explain the very
narrow trap distribution observed at low temperatures.

Current density (A/cmz)

Current density (A/cmz)

Voltage (V)

Figure 10. Current voltage characteristics of the CNT-Si structures at different temperatures: squares, 300
K; down triangles, 210 K; circles, 90 K; diamonds, 40 K; and up triangles, 17 K. The same data are plotted



in parts (a) and (b) of the figure but in different axes scales. The line represents simulation with a
combination of exponential and power law.

We cannot determine with the I-V measurements what the current injection mechanism at
the heterojunction is—diffusion, thermionic emission, tunneling through surface
states—but independent of the exact type, the forward current is dominated by hole
injection in the CNTs from the silicon, given the very large barrier blocking the electron
injection at the junction. Hence, the parameters we have determined have to be related to
the hole transport. The high conductivity of the silicon wafer and the results of the control
electrical measurements suggest that the silicon part of the structure is not rate limiting to
the transport. We therefore arrive at a point from which it seems logical to suspect that
the nanotubes are where the space charge limited transport takes place. It is widely
known that defects in nanotubes are the rule rather than exception, especially for
nanotubes synthesized in the relatively low temperature chemical vapor deposition
processes. However, considering the high conductivity and high charge carrier mobility
[24], the low band gap (due to the relatively large diameter), the low filling factor (low
volume), and the low thermal expansion coefficient of the nanotubes, the nanotube part
also appears unlikely to be able to host a concentration of unfilled traps that changes with
temperature and is sufficiently high to greatly limit the forward current.

This apparent dilemma can be resolved by considering once again the role and
characteristics of the alumina template. The oxide is known to be highly defective from
prior works and from the reverse current analysis above, and its conductivity is
dominated by hopping processes through traps. It has a much greater thermal expansion
coefficient than nanotubes; therefore, its trap state distribution will respond to
temperature changes. Because of the close physical contact between the alumina and the
nanotubes, a trapped charge in the alumina directly and greatly affects the charge
transport in the nanotubes. A similar effect has been observed and semiquantitatively
characterized in a nanotube field-effect transistor consisting of a nanotube on top of a
Si0O,-Si substrate [24]. In this particular case, the SiO,-Si serves as a back gate, and
charge injected in the SiO, due to the large local field associated with the large curvature
of the nanotube is found to induce a slow drift of the transistor characteristics. Similarly
in our case, because of the nanodimensions, and thus the sharp curvature at the side wall
and the ends of the nanotube, a much larger local field can result from a given voltage
than in a planar gate setting, which enhances the voltage dependence of the trap state
filling. Therefore, when all is considered, the alumina matrix seems to be playing much
more than a passive mechanic role of hosting the nanotubes, and it is most likely the
limiting factor in the electronic performance of this new form of heterojunction. This is
rather encouraging—despite the poor electronic properties of the surrounding alumina
matrix, the measured performance of the nanotube-silicon heterojunction is already
approaching that of the silicon based diodes perfected over decades of persistent efforts.
Strategies to improve or to replace the alumina matrix do exist. Examples include thermal
annealing or post-growth selective etching followed by re-deposition of high quality



dielectric in the space between the nanotubes. When developed over time and deployed,
these techniques can lead to further improvement of this new form of heterojunction.

Figure 11. Real-time response of CNT-Si detector demonstrates the potential of these nanostructured
materials in room temperature (300K) infra-red detection.

We demonstrated real time photovoltaic measurements of CNT-SI heterojunction
detectors for infra-red detection, as shown in Figure 11. These structures work in both
thermal and photon detection modes, and cover a very wide spectral range (1-20 pm).
This enables multi-“color” cells to coexist in a single pixel using the same basic
material—nanotubes—and differing only in diameter. These devices also offer the usual
advantages of our carbon nanotube arrays: dense packing and adjustable
length—adjustable and high absorption; vertical alignment, nanoscale and cylindrical
symmetry—ideal for normal incidence detection of any polarization; temperature
insensitive absorption coefficient due to strong bonding; and low 1-D phonon density of
states leading to low phonon coupling to ambient thermal noise. This discovery enables

the development of multi-pixel imaging arrays as depicted schematically in Figure 12.
{a) o

Figure 12. (a) CNT IR detector configuration using crossed top and bottom electrodes for XY addressing.
(b) CNT IR detector array with transparent bottom electrode and square grid pixel array for readout.

In summary, the demonstrated formation of a CNT-Si heterojunction structure is
promising not only as a candidate for building logic structures but also as a platform for
ultrahigh density integration of such logic gates in a quasi-3D packing form—that is,
vertical device orientation and lateral integration. The two-dimensional periodic lattice of



the nanotubes enables additional possibilities. Their periodic arrangement and high
refractive index difference relative to the alumina matrix can be used as a photonic band
gap material. Suitable arrangement of the template can even allow the design of Bragg
gratings while preserving the junction behavior in the orthogonal direction. The potential
application as an optical modulator is apparent, considering the interdependence of Bragg
grating properties, refractive index change, and charge injection.

Conclusions

During the course of this project, we employed and extended our unique capability in
template-growth of nanostructured materials, particularly carbon nanotubes. This
fabrication capability formed the foundation for further investigations, into the infra-red
properties and transport properties of these nanostructures. We were able to fabricate
large arrays of identical carbon nanotubes with identical properties, which enabled
sufficient signal enhancement to perform novel infra-red spectroscopy studies on the
nanotubes. Extensions of our core fabrication method enabled the creation of carbon
nanotube arrays on silicon wafers. The importance of silicon as a semiconductor material
cannot be overstated, and so the fabrication and measurements of these structures
represents an important step toward integrated Si-CNT infrared detectors. The results of
this project clearly demonstrate the feasibility of employing ordered carbon nanotube

arrays in infra-red detection applications.
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